A crucial period for the development of the immune system occurs in utero. This results in a high fetal vulnerability to immunotoxic exposure, and indeed, immunotoxic effects have been reported, demonstrating negative effects on immune-related health outcomes and immune functionality. Within the NewGeneris cohort BraMat, a subcohort of the Norwegian Mother and Child Cohort Study (MoBa), immunotoxicity was demonstrated for polychlorinated biphenyls and dioxins, showing associations between estimated maternal intake levels and reduced measles vaccination responses in the offspring at the age of 3. The present study aimed to investigate this link at the transcriptomic level within the same BraMat cohort. To this end, whole-genome gene expression in cord blood was investigated and found to be associated with maternal Food Frequency Questionnaires-derived exposure estimates and with vaccination responses in children at 3 years of age. Because the literature reports gender specificity in the innate, humoral, and cell-mediated responses to viral vaccines, separate analysis for males and females was conducted. Separate gene sets for male and female neonates were identified, comprising genes significantly correlating with both 2,3,7,8-tetrachlorodibenzodioxin (TCDD) and polychlorinated biphenyls (PCB) exposure and with measles vaccination response. Noteworthy, genes correlating negatively with exposure in general show positive correlations with antibody levels and vice versa. For both sexes, these included immune-related genes, suggesting immunosuppressive effects of maternal exposure to TCDD and PCB at the transcriptomic level in neonates in relation to measles vaccination response 3 years later.
There is a growing interest in the effects of prenatal exposure to toxicants because the immune system develops extensively in utero, possibly leading to a higher fetal vulnerability to exposure (Fine et al., 1989; Van Loveren and Piersma, 2004; West, 2002) . Exposure occurs through the environment and lifestyle habits, and diet presents the main source of exposure to immunotoxicants reaching the fetus by crossing the placental barrier (Covaci et al., 2002; Park et al., 2008) . Therefore, the EU-funded ''Newborns and Genotoxic exposure risks'' (NewGeneris) project investigates molecular events in the unborn child due to maternal exposure to dietary toxicants, leading to an increased risk of cancer, impaired immune functionality, and immune disorders in childhood (Merlo et al., 2009) . Investigated toxicants include polycyclic aromatic hydrocarbons, heterocyclic amines, nitrosamines, acrylamide, the mycotoxin deoxynivalenol, dioxin and polychlorinated biphenyls (PCBs), alcohol, and DNA-reactive aldehydes. Gluckman et al. (2008) proposed that fetal responses to toxicants may result in changes of a persistent nature, possibly leading to predisposition to develop disease such as cancer and immune diseases. This developmental plasticity (i.e., ability of an organism to develop in various ways, depending on the particular environment or setting) in response to toxic exposure may occur through modulation of the fetal transcriptome, warranting investigation of transcriptomic effects as a result of in utero exposure to immunotoxicants (Gluckman et al., 2008) .
Based on the concept put forward by Gluckman et al. , the present study aimed to investigate the link between maternal immunotoxic exposure and neonatal immune functionality at the transcriptomic level. Within the NewGeneris cohort BraMat, a subcohort of the Norwegian Mother and Child cohort, immunotoxicity was demonstrated for PCB and dioxins (main food groups contributing to exposure in BraMat Disclaimer: The authors certify that all research involving human subjects was done under full compliance with all government policies and the Helsinki Declaration.
toxicological sciences 129(2), 315-324 (2012) doi:10.1093/toxsci/kfs214 Advance Access publication June 27, 2012 were seafood, milk and dairy products, egg, and cereals). Associations were found between estimated maternal intake levels based on food frequency questionnaire (FFQ) and increased risk of infections in the offspring after 1 year (Stølevik et al., 2011) and reduced measles vaccination responses at the age of 3 (Stølevik et al., submitted) . These findings are in accordance with previous publications, demonstrating negative effects of (in utero) exposure to PCBs and 2,3,7,8-tetrachlorodibenzodioxin (TCDD) on immune-related health outcomes and immune functionality parameters including antibody responses to vaccines (Heilmann et al., 2006; Weisglas-Kuperus et al., 1995; Weisglas-Kuperus et al., 2000; Weisglas-Kuperus et al., 2004) . Based on these findings, the current study focused on PCBs and TCDD exposures and measles vaccination response.
To investigate the link between maternal immunotoxic exposure and neonatal immune functionality at the transcriptomic level in the BraMat cohort, fetal transcriptomic responses were investigated by whole-genome analyses of cord blood samples, associated with maternal dietary exposure to PCBs and TCDD as estimated by FFQ, and measles antibody levels measured at the age of 3 as immune functionality. These transcriptomic profiles were subsequently examined to identify the overlap between genes and processes correlating with maternal exposure and those correlating with neonatal immune functionality as illustrated in Figure 1 , thereby focusing on differences between boys and girls. Recently, we reported on transcriptomic responses in relation to fetal exposure to dietary carcinogens demonstrating gender specificity in neonatal gene expression in relation to dioxin and dioxin-like exposure by means of DR CALUX (Hochstenbach et al., submitted) . Furthermore, there is a growing awareness that males and females also differ in their innate, humoral, and cell-mediated responses to viral vaccines, warranting separate analysis for males and females (Klein et al., 2010) .
MATERIALS AND METHODS
Blood sampling and handling for microarray analysis. Umbilical cord blood samples were collected immediately after birth from the cord vein of 45 male and 66 female babies (for population description, see Table 1 ) whose mothers participated in the Norwegian BraMat cohort. This subcohort is nested Fig. 1 . Study strategy of the data analysis for the identification of the overlap (indicated by the grey area) between genes correlating with exposure data and genes correlating with vaccination response within the BraMat cohort. Correlation analysis I entailed a Pearson correlation analysis of whole-genome gene expression in cord blood with maternal exposure estimates determined by FFQ. Correlation analysis II consisted of a Pearson correlation analysis of whole-genome gene expression in cord blood with measles antibody response measured at 3 years of age. Note. BP, before pregnancy; DP, during pregnancy. Birth weight expressed in g, gestation in weeks, age in years, estimated maternal intake to TCDD, PCB77, PCB126, and PCB169 expressed in pg TEQ/kg bw/day, and estimated maternal intake to PCB153 in ng/kg bw/day.
316
HOCHSTENBACH ET AL.
within the Norwegian Mother and Child Cohort Study (MoBa), a prospective population-based pregnancy cohort study conducted by the Norwegian Institute of Public Health (Magnus et al., 2006) . Study protocols were approved by the Regional Committee for Ethics in Medical Research in Oslo, Norway. Informed consent was obtained from all participating mothers. Samples were collected by trained nurses at the maternity wards of the Oslo University Hospital Ullevål and Akershus University Hospital, Norway. For preserving RNA, aliquots of heparin-anticoagulated whole blood of 0.4 ml were mixed with 1.2 ml of RNAlater (Ambion/Applied Biosystems, Nieuwerkerk aan den Ijssel, The Netherlands) as soon as possible after blood collection and subsequently stored at −80°C until shipment on dry ice to the research laboratory.
RNA isolation. Total RNA was isolated from the RNAlater-preserved whole blood samples using the RiboPure-Blood system (Ambion) according to the manufacturer's instructions. RNA yield and purity were measured by means of NanoDrop equipment (NanoDrop Technologies, Wilmington, DE), and integrity was verified by automated gel electrophoresis (2100 BioAnalyzer; Agilent Technologies, Amstelveen, The Netherlands).
Gene expression analysis. Only RNA samples with a RNA Integrity Number ≥ 6 and a bench time (time from collection until RNA stabilization) of ≤ 6 h were used for transcriptomic analysis. Total RNA (1 µg) was used to generate cyanine-labeled cRNA using the Agilent Low RNA Input Linear Amplification kit according to the manufacturer's instructions. Each individual cord blood sample was labeled by means of cyanine-5 and competitively hybridized against a common reference sample (top 20 samples according to RNA Integrity Number were pooled RNA and labeled with cyanine-3) onto Agilent 4x44k human oligonucleotide microarrays (Agilent Technologies, Palo Alto, CA) according to the manufacturer's instructions. After hybridization, slides were washed with wash buffers, including Agilent stabilization and drying solution, which contains an ozone-scavenging compound dissolved in acetonitrile in order to protect against ozone-induced degradation of cyanine dyes, in particular Cy5 (Agilent Technologies). Microarrays were scanned immediately using an Axon GenePix 4000B Microarray Scanner (Molecular Devices, Sunnyvale). Laser power was set to 100%. The photo multiplier tube gain was set to a saturation tolerance of 0.02% to minimize background and saturated spots.
Blood sampling and handling for vaccine responses. At 3 years of age, venous blood was collected from the same subjects in whom gene expression was measured at birth (age mean (range); 36 (33-43) months) at their doctor's office, at home by a technician, or at a commercial laboratory (Fürst medical laboratory), as described by Stølevik et al. (submitted) . Blood was collected into BD Vacutainer SSTII serum gel separation tubes with butterfly blood collection sets (BD, Franklin Lakes, NJ. The blood was allowed to clot for at least 30 min before centrifugation at 1000-1300 × g for 10 min at room temperature. Aliquots of the serum samples were stored at −20°C until further analyses.
Exposure assessment of dietary toxicants. Maternal intake of the dietary toxicants PCBs (PCB77, PCB126, PCB153, and PCB169) and TCDD was estimated from a validated FFQ used in MoBa. The structure and validation of the FFQ are described elsewhere, showing correlation coefficients between FFQ-derived exposure estimates and biomarker-based measurements of 0.3-0.4 Meltzer et al. 2008) . The FFQ covers the dietary intake of the participants during the first 5 months of pregnancy. The method for estimation of exposure to PCBs and TCDD has been described by Kvalem et al. (2009) . In brief, an extensive database was built comprising all available concentrations of dioxins and PCB congeners in Norwegian foods from 2000 to 2006. Intakes of PCB77, PCB126, PCB153, and PCB169 and TCDD were estimated by multiplying consumption with congener levels in food by use of the online data program FoodCalc (http://www.ibt.ku.dk/jesper/foodcalc).
Determination of measles vaccine responses.
The serum samples were analyzed for anti-measles IgG antibodies using Enzygnost Anti-Measles Virus IgG ELISA (Siemens, München, Germany). The assay was performed as recommended by the manufacturers. The cutoff for qualitative evaluation of positivity was an optical density of 0.2 at 450 nm, corresponding to approximately 400 U/ml, as recommended by the manufacturer.
Data analysis.
The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number GSE31836 (http://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?acc=GSE31836). Scan images of Cy5-and Cy3-channels were loaded into ImaGene software version 8.0.1 (BioDiscovery, El Segundo) for the extraction of raw pixel intensities and local backgrounds. The data were preprocessed using the Refiner Array module from the Genedata Expressionist system (Genedata AG, Basel, Switzerland). Raw data were assessed for quality and preprocessed as follows. Signals were corrected by subtracting backgrounds without producing negative values. For each feature and array, the contrast, i.e., the quality for each signal according to its signal-to-noise ratio, the distortion, and imbalance were determined. Defective or saturated features detected by the scanner software or by the Refiner Array module were diagnosed and masked. LOWESS correction was used to correct all features so that the signal distortion and imbalance of the two channels are minimized. Quality criteria for the data analysis were set as follows: signal-tonoise ratios > 2, relative errors < 0.5, and saturated and features flagged as masked filtered out.
Dose-response relationships were investigated by Pearson's correlation analyses of individual gene expressions (Cy5/Cy3 ratios) and individual values for measles antibody levels and exposure estimates based on FFQ for TCDD, PCB77, PCB126, PCB153, and PCB169. Correlation analyses were performed only for transcripts with least 50% valid expression values. Significantly correlating transcripts were selected using an unadjusted p value cutoff of < 0.05. To identify biological processes in which significantly correlating genes are involved, the software suite Metacore was used (Thomson Reuters (Scientific) Inc., Philadelphia). Gene Ontology (GO) terms containing at least two significantly correlating genes and a p value ≤ 0.01 were considered significantly enriched.
RESULTS

Biomarker Analyses
A total of 120 samples were hybridized onto microarrays. Sample/microarray exclusions were based on technical performance of the microarrays and on absence of informed consent forms or reported smoking of the mother at 30 weeks of pregnancy. The number of cases left in the study after exclusions was 111. Estimated dietary intake of TCDD and PCBs of mothers and further characteristics of this study population are presented in Table 1A , for the whole study population and for male and female infants separately. For correlation analysis of gene expression with antibody levels, a total of 59 samples were available. Antibody levels and characteristics of this study population are presented in Table 1B .
Toxicogenomic Profiles in Newborns in Relation to Maternal Dietary Exposure
Both male and female subjects showed significant gene expression changes associated with PCBs and TCDD exposure (Table 2) . Only a small overlap of genes was observed between the two sexes, indicating gender-specific toxicogenomic responses to TCDD and PCBs.
GO term analyses revealed a high number of processes overrepresented for both males and females, including several immune-related processes (Table 3) . GO processes found in both males and females include (positive) regulation of I-kappaB kinase/NF-kappaB cascade, regulation of defense response, viral infectious cycle, and negative regulation of PRENATAL EXPOSURE IN RELATION TO ANTIBODY LEVELS multiorganism process (Table 4) . Furthermore, a number of closely related immune processes were overrepresented in both sexes, e.g., cytokine signaling and lymphocyte activation/ differentiation (Table 4) . Male-specific processes include antigen processing and presentation of peptide antigen, several histone acetylation GO terms, and posttranslational regulation of gene expression. For females, apoptosis-related processes were found to be overrepresented. For complete lists, we refer to Supplementary table 1.
Toxicogenomic Profiles in Newborns in Relation to Measles Vaccine Response
A much higher number of genes were found to correlate with vaccination response in females compared with that in males, with only 3 genes overlapping between the sexes and 707 genes inversely correlating (Table 2) . Accordingly, a higher number of processes were found for females, which to a large extent are immune related. In fact, the most significant GO term is the immune system, whereas in males mostly general cellular processes were overrepresented like translation and RNA splicing (Supplementary table 2) . GO term analyses on the 707 inversely correlating genes reveal these genes to be involved in hormone secretion, (lymphocyte) apoptosis, and immunity (Table 5; Supplementary table 3) .
Linking Transcriptomic Effects of Maternal TCDD and PCB Exposure and Antibody Response to Measles Vaccination at Age 3
Next we investigated which genes were related both to exposure and to vaccination response as illustrated in Figure 1 . For both males and females, almost without exception, all genes in the overlap show opposite correlation between exposure and vaccination response. A number of 84 genes for males and 206 genes for females were found to correlate significantly with both exposure and vaccination response (Table 2) . When comparing this list to the online Comprehensive List of Immune-Related Genes of the Immunology Database and analysis Portal (www. immport.org), 21 out of 84 male genes appear immune related, presented in Table 6 and Supplementary Table 4 . Evaluation of these immune-related genes for specific pathways (as categorized by Immport) shows human leukocyte antigen (HLA)-E and MICA to be part of the antigen processing and presentation pathway, LCK of the T-cell receptor signaling pathway and natural killer cell cytotoxicity pathway, IL27, PLXNB2, and IL16 of the cytokine (receptor) pathway, and IL27 of the antimicrobials pathway.
Forty out of 206 female genes are immune related (Table 7;  Supplementary table 4) , with PSMD4 part of the antigen processing and presentation pathway, PDCD1 and NCK1 of the T-cell receptor signaling pathway, SH3BP2 of the natural killer cell cytotoxicity pathway, 6 genes part of the cytokine (receptor) pathway, and 7 genes of the antimicrobials pathway (including signal transducer and activator of transcription 1 [STAT1] and toll-like receptor 4 [TLR4]).
Next to the immune-related genes, GO analysis revealed histone modification by acetylation to be predominantly overrepresented in the male gene list (Supplementary table 5) . Concordantly, histone acetylation in newborns was found in association with maternal exposure and with vaccination response at 3 years of age. In females, overlapping genes between exposure and antibody response to vaccination are involved in response to drug and leukocyte activation (Supplementary table 5). Leukocyte activation was found in association with exposure and vaccination response. 
DISCUSSION
The present study aimed to investigate a possible link between the transcriptomic effects in neonates due to maternal exposure to immunotoxicants, in particular TCDD and PCB, and antibody response to measles vaccination in the offspring at the age of 3. Separate gene sets for male and female neonates were identified comprising genes significantly correlating with both TCDD and PCB exposure and with measles vaccination response at 3 years of age. Almost without exception, genes correlating negatively with estimated maternal dietary intake of TCDD and PCBs showed positive correlations with antibody levels and vice versa. This suggests that the transcriptomic effects of maternal exposure to dioxins on the fetus might result in suppression of immune functionality because these particular genes are associated with immune functionality later in life. Although for both sexes immune-related gene expressions were found to be modified, histone acetylation was overrepresented in the male set.
Toxicogenomic Profiles in Newborns in Relation to Maternal Dietary Exposure
Previous publications demonstrate negative effects of (in utero) exposure to PCBs and TCDD on immune-related health outcomes and immune functionality parameters including antibody responses to vaccines (Heilmann et al., 2006; Weisglas-Kuperus et al., 1995; Weisglas-Kuperus et al., 2000; Weisglas-Kuperus et al., 2004) . Importantly, within BraMat, the cohort investigated in the current study, PCBs and dioxins were associated with a reduced response to measles vaccination (Stølevik et al., submitted) . The associations found in the current study at the transcriptomic level, between estimated maternal intake levels of TCDD and PCBs, and effects on the immune system for both male and female newborns may be related or even (partially) explain reported immunosuppressive effects of these immunotoxicants. The most distinct commonly overrepresented GO process between male and female newborns in relation to maternal TCDD and PCB exposure estimates was the IKB/NFKB cascade. This is in accordance with the literature because this signal transduction cascade has been shown to interact with the Ah receptor, which mediates most of dioxin-induced immune suppression (Tian et al., 2002) . The NFKB signal transduction pathway is involved in the development of the immune system and adaptive and innate immunity. It has a central role in coordinating the expression of a wide variety of genes that control immune responses (Tian et al., 2002) .
Although maternal exposure estimates did not differ significantly between newborn males and females, gender-specific responses were observed. The lack of overlap between the genes correlating with maternal TCDD and PCB exposure for males and females is in agreement with a recent study performed by our group, investigating gene expression in relation to dioxin-like exposure in utero by means of DR CALUX (Hochstenbach et al., submitted) .
The generally proposed mechanism of action for dioxin and dioxin-like PCBs involves the activation of the aromatic hydrocarbon receptor (Ahr), leading to (regulatory) T-cell expansion (Funatake et al., 2005; Kerkvliet et al., 2009) . Accordingly, we found the GO term lymphocyte activation correlating with maternal exposure to PCB126 and PCB153 in males although PCB153 is a nondioxin-like PCB. T-cell proliferation was found to correlate with exposure to PCB77 and TCDD in females. In agreement with a recent publication on transcriptomic effects in the thymus of mice (Frawley et al., 2011) , antigen presentation was affected upon exposure to TCDD and PCBs. However, this was only found in males. The associations found at the transcriptomic level between estimated maternal intake levels of TCDD and PCBs and effects on the neonatal immune system, thus, possibly suggest gender-specific immune responses although the current data do not allow any definite conclusions.
Next to immune-related processes, we found an epigenetic response in neonates to maternal TCDD exposure, showing histone acetylation processes significantly enriched in males. This was previously demonstrated in a study from our group after in utero exposure to dioxin and dioxin-like compounds by means of DR CALUX measurements in the BraMat cohort (Hochstenbach et al., submitted) . Effects on the epigenetic level are in concordance with the known mechanism of action of dioxins; activation of transcription by dioxin is accompanied by changes in chromatin structure, which depend upon a functional Ahr (Morgan and Whitlock, 1992 ). An epigenetic response in male neonates was also found for PCB153. Gender specificity in this epigenetic response is emphasized by the inverse correlation between males and females of a number of genes involved in histone and chromatin modification, including CPA4, SF3B1, H3F3A and B, and HIST1H3A, G, H, and K (data not shown) . Epigenetic modulation upon exposure to TCDD and PCBs may represent a persistent effect on the genome.
Toxicogenomic Profiles in Newborns in Relation to Measles Vaccine Response
Gender-specific gene expression profiles were associated with antibody responses to measles vaccination. A significantly higher number of genes were found regulated in females, which intuitively may be in accordance with the fact that elevated immune responses in female humans and animals compared with males have been reported, including enhanced innate recognition and cytokine response to viral infections (McClelland and Smith, 2011) . Also, gender may play a significant role in how the immune system responds to viral vaccines and their side effects, as recently reviewed by Klein et al. (2010) , describing more robust immune responses in females to antigenic challenges through a higher antibody production and increased cell-mediated immunity. A stronger humoral immune response to single measles vaccine and MMR vaccine has been reported in females (Dominguez et al., 2006; Green et al., 1994) . Accordingly, the mean antibody level was higher in females compared with males although this did not reach significance, possibly due to the relatively low number of subjects.
Differential transcriptomic responses between males and females to viral vaccination have recently been reported (Klein et al., 2010) . A more robust transcriptomic profile was found in females upon yellow fever virus 17D vaccination, including genes associated with toll-like receptors, interferon, cytokines, macrophages, dendritic cells, natural killer cells, B cells, and inflammation. In contrast, in males only few genes were found to be differentially expressed. In the present study, the identified profiles in neonates in relation to vaccination response show similar results: in females GO terms corresponding to all the above mentioned functional categories were found to be overrepresented in addition to cell death and apoptosis. Apoptosis is a highly important phenomenon in the immune function: it is an important mechanism in activation-induced cell death, the negative selection of T cells, and B-cell maturation. Apoptosis is also important in killing infected target cells by cytotoxic T cells and natural killer cells (Feig and Peter, 2007) . In accordance with the findings of Klein et al., a significantly lower number of processes were found in males, all not directly related to the immune system. Interestingly, oppositely correlating genes between males and females are involved in immunity and apoptosis, suggesting high gender specificity regarding these processes relevant to the immune response to vaccination.
Linking Transcriptomic Effects in Neonates due to Maternal TCDD and PCB Exposure and Antibody Response to Measles Vaccination at the Age of 3
Strikingly, for both males and females, almost without exception all genes in the overlap show opposite correlation between exposure and vaccination response, i.e., genes correlating negatively with exposure show positive correlation with antibody levels and vice versa as shown in Tables 6 and 7 . This suggests that transcriptomic effects in the fetus, i.e., the modulation of immune-related genes due to maternal exposure, may result in suppressed immune functionality at 3 years of age.
Human leukocyte antigen (HLA) genes have been associated with the ability to respond to measles antigens by antibody production. A large number of studies have been reported on associations between HLA alleles and antibody levels after vaccination (Alper et al., 1989; Ovsyannikova et al., 2004; Poland, 1998) . Both in males and females, genes part of the HLA system and involved in antigen presentation were found to be negatively correlated with exposure, including HLA-E and MICA (males), RXRB and PSMD4 (females). These genes were all positively correlated with vaccination response.
Antigens stimulate a number of cells in the immune system, including macrophages, T cells, and B cells. Perinatal exposure to TCDD suppresses cell-mediated immunity, which is essential in immunization response and is more severe and persistent than that caused by adult exposure (Fine et al., 1989) . Accordingly, a number of genes were identified in the overlap involved in cell-mediated immunity, mostly negatively correlated with exposure and positively with immune response. In males, LCK, GLMN, and IL27 were found, involved in T-cell activation and proliferation, whereas in females, PDCD1, BAX, TLR4, and NCK1 were found. In females, TCF3 was also found, involved in B-lymphocyte proliferation (Massari et al., 1998) . Stimulated immune cells secrete a variety of signal molecules called cytokines. In male and female newborns, genes associated with cytokines were all negatively associated with maternal exposure and positively with vaccination response. In males, genes encoding for interleukins IL16 and IL27 were found, as well as GLMN and PLXNB2. In females, RXRB, GDF5, GPR77, ROBO3, GNRH2, RABEP1, and STAT1 were found. The latter was negatively associated with exposure and vaccination response. Importantly, besides at gene level, overlap between exposure and immune response was found at pathway level. In females, the GO term regulation of defense response was significantly overrepresented in association with exposure and vaccination response. This term is defined as the regulation of reactions, triggered in response to the presence of a foreign body or the occurrence of an injury, which result in restriction of damage to the organism attacked or prevention/recovery from the infection caused by the attack.
In males, histone H4-K12 acetylation was found in the overlap. This might suggest that maternal exposure to TCDD and PCBs leads to gender-specific epigenetic changes in the fetus, which influences immune functionality at 3 years of age. 
PRENATAL EXPOSURE IN RELATION TO ANTIBODY LEVELS
General Considerations
FFQ-based estimates for PCBs and dioxins are a proxy for blood values. The FFQ used in the present study covers the mother's self-reported dietary intakes during the first 5 months of pregnancy thus reflecting intakes over a relatively short time period. In addition, pregnant women may change their dietary habits. However, unpublished data from MoBa suggest that 70-80% of the women do not alter their fish intake, which is the main contributor to PCB and dioxin exposure from food. The database used for estimating the dietary intake levels is based on all available concentrations of dioxin and PCB congeners measurements from a large array of food product found on the Norwegian market from 2000 to 2006. Although most food items were based on sufficient underlying concentration data, some were based on a small number of samples and other items had to be estimated. We acknowledge that calculated exposure values using FFQs have limitations compared with measured blood values. However, our results are in accordance with published data based on measured levels of PCBs and dioxins in biological samples, which indicate that the estimated intake levels may reflect the exposure to these toxicants.
The median dietary intake of dioxin-like compounds was 0.58 pg TEQ/kg bw/day (Stølevik et al., 2011) , which is lower than the intakes reported in other studies of the general population in Western European countries and United States (Baars et al., 2004; Darnerud et al, 2006; Kiviranta et al., 2004; Lloblet et al., 2008; Schecter et al., 2001) . However, the intake estimates in the cited studies are produced using the 1998 WHO Toxic Equivalency Factor (TEF) values, which were higher than the 2005 WHO (TEF) values used in the present study. The estimated value of nondioxin-like PCBs (2.59 ng/kg bw/day) (Stølevik et al., 2011) is lower compared with other reported values (Baars et al., 2004; European Food Safety Authority, 2005) .
This study only investigated the estimated maternal intake during pregnancy in relation to vaccination responses, whereas exposures between birth and the age of 3 (the time of antibody measurements) were not taken into account. The children may have been exposed to TCDD, PCB, and other immunotoxicants in variable degrees through breast milk in the first year of life and later through the diet (Ayotte et al., 2003) .
Long-chain n-3 fatty acids from fish may influence the associations with PCBs and dioxins found due to their suggested anti-inflammatory effects (Chapkin et al., 2009) . As described by Stølevik et al. (submitted) , a significant association was only found between the prenatal exposure to n-3 fatty acids from food items and wheeze during the first three years of life. No associations were found for n-3 fatty acids from dietary supplements (purified to remove PCBs and dioxins), which may suggest that exposure to PCBs and dioxins, rather than n-3 fatty acids, is most important for the immunosuppression found in BraMat.
CONCLUSION
The current study links transcriptomic effects of maternal exposure to TCDD and PCBs and neonatal vaccination response at the age of 3. For both males and females, genes correlating negatively with exposure show positive correlation with antibody levels and vice versa. This suggests that transcriptomic effects in neonates due to maternal exposure, i.e., the modulation of immune-related genes upon exposure to TCDD and PCB, may suppress measles vaccination response at 3 years of age.
Apart from these immune-related genes, in males an epigenetic response was found through histone acetylation, which was also linked to immune functionality. This might suggest that maternal exposure to TCDD and PCBs leads to gender-specific epigenetic changes in the fetus, which subsequently influences immune functionality up until 3 years of age, possibly mechanistically underlying why males show lower responses to measles vaccination.
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